Congenital cataract is a rare but severe paediatric visual impediment, often caused by variants in one of several crystallin genes that produce the bulk of structural proteins in lens. Here we describe a pedigree with autosomal dominant isolated congenital cataract and linkage to the crystallin gene cluster on chromosome 22. No rare single nucleotide variants or short indels were identified by whole-exome sequencing, yet copy number variant analysis revealed a duplication spanning both CRYBB1 and CRYBA4. While the CRYBA4 duplication was complete, the CRYBB1 duplication was not, with the duplicated CRYBB1 product predicted to create a gain of function allele. This association suggests a new genetic mechanism for the development of isolated congenital cataract.
Introduction
Cataract is an opacification of the crystalline lens and one of the leading causes of blindness worldwide 1 . Those that occur within the first year of life are categorized as congenital or infantile cataract, with an incidence in the order of 52.8 per 100,000 children 2 . Around 23% of non-syndromic congenital cataracts are familial 3 , with around 50% of these associated with a crystallin gene variant 4 . Crystallin proteins account for more than 90% of soluble lens protein, and can be divided into The chromosomal arrangement of human crystallin genes reflects their evolutionary history, with major clusters on chromosomes 2 and 22 6 . Of a total of eight γ -crystallin genes, six are located on chromosome 2. Similarly, all three basic β -crystallin genes (CRYBB1, CRYBB2, and CRYBB3) are located on chromosome 22, with the acidic β -crystallin CRYBA4 directly adjacent to CRYBB1 (but transcribed in the opposite direction). This CRYBB1-CRYBA4 arrangement is present in organisms as distant as zebrafish, and likely significant for their coordinate regulation. Either gene can lead to congenital cataract when mutated: CRYBA4 missense variants are known to cause dominant cataract 7 , while CRYBB1 variants may be dominant 8 or recessive 9 .
Here we describe an autosomal dominant congenital cataract pedigree associated with a unique duplication of the paired CRYBB1-CRYBA4 locus.
Both genes were found to be duplicated, with a complete duplication of CRYBA4 and partial duplication of CRYBB1.
Materials & Methods

Patients
Clinical information from 19 members of pedigree CSA106 (Caucasian) was collected by referring ophthalmologists (see Table 1 ), with blood samples taken after informed written consent. Of these, 11 had developed bilateral cataracts.
The study was approved by the Southern Adelaide Clinical Human Research Ethics Committee.
Candidate gene panel screening
Individual CSA106.03 ( Figure 1A) 
Linkage analysis
VCF files were converted to MERLIN input format using the vcf2linkdatagen and linkdatagen scripts 10 
Whole-genome sequencing
Genomic DNA from a single affected family member (CSA106.19) was extracted from a blood sample using a QIAamp Blood Maxi Kit (Qiagen). A 150bp paired-end library was generated using the TruSeq Nano kit (v2.5) and sequenced on an Illumina HiSeq X Ten system by an external contractor (Garvan Institute of Medical Research). 148.75Gb of sequence data was generated, with reads mapped to the human reference genome (hg19) using the Burrows-Wheeler Aligner (v0.7.12), and duplicates marked and removed using Picard (v2.6). 988,463,168 reads were mapped to the hg19 reference genome, with a mean read depth of 43.3 and >10X coverage for 96.8% of the genome. Local realignment and base quality recalibration was performed using the Genome Analysis Toolkit (GATK, v3.5). The predicted pathogenic variant identified in this study has been submitted to the ClinVar Database (accession number SCV000484507, https://www.ncbi.nlm.nih.gov/clinvar/). 
Lens protein extraction
Results
Autosomal dominant congenital cataract
We identified a 6-generation autosomal dominant congenital cataract pedigree ( Figure 1A) , with multiple affected members diagnosed with nonsyndromic bilateral cataracts between birth and 10 years of age (Table 1 ). Slit lamp imaging of the lens demonstrated mild to dense fetal nuclear opacification with anterior and posterior sutural involvement ( Figure 1B) . A custom amplicon sequencing panel, designed to sequence 51 known congenital cataract genes (Supplementary Table 1 ), was first used to screen an affected family member (CSA106.03). A total of 807,055 reads were mapped to the reference genome, covering 93.21% of target gene bases to at least 20X depth (average read depth of 623.5 across 1216 amplicons). A total of 172 variants were identified: all 172 either had a mean allele frequency (MAF) of greater than 0.001, were present in control samples, or were not predicted to alter protein sequence.
Linkage to chromosome 22
Given the absence of a candidate variant in a known congenital cataract gene that affects function, we sequenced the exomes of 11 family members (6 affected, 5 unaffected). Parametric linkage analysis under a rare dominant inheritance model revealed a peak LOD score of 3.3 on chromosome 22 (Figure   2A ,B). Haplotype phasing indicated that rs2236005 (hg19 chr22:g.26422980A>G) and rs2347790 (hg19 chr22:g.29414001A>G) were the boundaries of the 3 Mbp critical region ( Figure 2C ), within which lay 17 protein-coding genes (plus 9 ncRNA and 7 pseudogenes) including the known congenital cataract genes CRYBB1 and CRYBA4 ( Figure 2D ). All 17 proteincoding gene exons were covered by whole-exome capture sequencing, with CRYBB1 and CRYBA4 also having been previously covered by candidate gene amplicon sequencing. We detected two single-nucleotide variants that were shared between affected family members, absent from unaffected family members, and that altered coding sense ( Figure 2E ). Both variants had a MAF at least an order of magnitude greater than the estimated population incidence of congenital cataract (~0.000528), and therefore were considered extremely unlikely candidates. Synonymous variants in CRYBB1 or CRYBA4 -recently identified as a possible cause of crystallin misfolding 11 -were also not shared between affected members.
Partial duplication of the CRYBB1-CRYBA4 locus
We next investigated coverage depth across the linkage interval using two methods. Both CoNIFER ( Figure 3A) and SAMtools ( Figure 3B showing that distal exon 6 was not duplicated (Figure 3C,D) . CRYBB1 and CRYBA4 variation was also manually inspected via Integrative Genomics Viewer, given that a variant in one CRYBB1-CRYBA4 locus of a total of three (two alleles plus the duplicated allele) may not be called as heterozygous by variant-calling algorithms. We also screened an additional 46 unsolved congenital cataract cases for CRYBB1 duplications, yet did not identify any further duplications ( Figure 3E ).
To examine the effects of the CRYBB1-CRYBA4 duplication on protein expression, we prepared protein from the cataractous left lens of CSA106.06 (removed during phacoemulsifcation) and from a non-cataractous control lens.
An anti-CRYAA Western blot indicated equivalent loading between the cataract and control samples, and reprobing the same blot with anti-CRYBA4 and anti-CRYBB1 blots revealed bands of the appropriate size (22kDa and 28kDa monomers, respectively) and similar density in both samples ( Figure 3F ). An additional band was detected with the anti-CRYBA4 antibody corresponding to a CRYBA4 dimer (44kDa), although no other bands were apparent. We did not detect any additional anti-CRYBB1-reactive bands in the cataract sample in soluble fractions ( Figure 3F ), or insoluble fractions (data not shown), despite using an antibody raised against a peptide (NP_001878, p.37_138) that is not encoded by exon 6.
Tandem duplication of the CRYBB1-CRYBA4 locus
In order to define the nature of the duplication and the associated breakpoints, we performed whole-genome sequencing on genomic DNA from an affected family member (CSA106. 19) . Read depth analysis confirmed the presence of a 78,928bp duplication at the CRYBB1-CRYBA4 locus (hg19 chr22:g.26995597_27074524dup), the boundaries of which occurred immediately proximal to chr22:26995597, and distal to chr22:27074524 ( Figure   4A ). This duplication encompassed the entirety of CRYBA4 and the long noncoding RNA gene MIAT, but only partially involved CRYBB1. Importantly, the proximal duplication boundary occurred within exon 6 of CRYBB1, just 75bp distal to the site of the exon 6 qPCR probe used in Figure 3D . This also explains why a duplicated exon 6 was not detected by whole-exome sequencing, as there would be insufficient complementarity to the exon 6 capture probe.
The arrangement of multiple discordant mate pairs within the duplicated region ( Figure 4A gene created as a consequence of the duplication described here also disrupts the coding sequence of exon 6, and is associated with an autosomal dominant pattern of inheritance. We therefore consider it most likely that the CRYBB1 duplication product is the disease-causing agent, despite the fact that we did not detect an appropriately-sized band by Western blotting.
The absence of an additional CRYBB1 band on Western blot may still be consistent with a gain-of-function mechanism: for example, the duplicated CRYBB1 product may have only been transiently expressed, or has a shorter half-life than full-length CRYBB1. Conversely it may not have been synthesised at all, and played no role in cataractogenesis in this family. Given this possibility, we have not excluded the possibility that CRYBA4 triplosensitivity was responsible for the cataractogenesis, which could conceivably alter the stoichiometry of crystallin subunits at a critical stage of lens development. It is also possible that local transcription is altered in the context of a tandem duplication, again raising implications for crystallin stoichiometry. Duplication of the MIAT long noncoding RNA seems the least likely explanation for cataractogenesis in this family, given the large body of evidence for CRYBB1 and CRYBA4 in congenital cataract.
More broadly, copy number variation is largely overlooked in many wholeexome and whole-genome studies, perhaps due in part to the limited predicted contribution of CNVs to common disease 17 . In cases where CNVs do play a role it is almost always deletions that are responsible, either in trans with a second deleterious allele, or by causing haploinsufficiency on their own.
Increases in copy number are far less common in a disease setting, and when they do occur, they commonly involve complete genes. Ocular disease is no exception, with duplication or triplication of TBK1 in normal tension glaucoma being one example 18, 19 , and a complex NHS triplication in the congenital cataract-associated Nance-Horan syndrome being another 20 . TBK1 CNVs associated with glaucoma cover the entire locus, so a mechanistic explanation has not been immediately obvious. In the case of the Nance-Horan syndrome triplication, disruption of NHS transcription is thought to explain the phenotype, which is consistent with the loss-of-function mechanism of other NHS variants 20 . In a third example, both deletions and duplications of the same gene (FOXC1) have been associated with anterior segment dysgenesis 21 .
Other diseases can be caused by partial gene duplication 22 , including ~7% of cases of the X-linked Duchenne and Becker muscular dystrophies (DMD/BMD) 23 . In the case of DMD these variants invariably cause a frameshift, whereas in BMD the reading frame is maintained 22 . In both cases the predicted result is a loss or reduction in protein function.
Duplication has been integral to the diversification of the crystallin gene family.
In the family presented here, we show that crystallin duplication can also be associated with congenital cataract. This represents a previously undescribed genetic mechanism for the development of isolated congenital cataract, with implications for other inherited diseases that appear refractory to whole-exome or whole-genome sequencing. 
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